The width of the giant dipole resonance (GDR) built on excited states was determined from a measurement of γ -decays in coincidence with 17 O particles scattered inelastically from 120 Sn. The bombarding energy was 80 MeV/u. A width of 4 ± 1 MeV, consistent with the width of the GDR built on the ground state, was found at a temperature T = 1 MeV. This result is in disagreement with adiabatic thermal shape fluctuation calculations, indicating an overestimation of the influence of thermal shape fluctuations at low temperature.  2003 Elsevier Science B.V. All rights reserved.
perature and spin has been of particular interest. In general, adiabatic thermal shape fluctuation calculations provide a good description of existing GDR decay data [1] [2] [3] . However, in the Sn mass region, at low to moderate temperatures, measured GDR widths lie below the values calculated in the shape fluctuation model [3, 4] .
It is instructive to compare the GDR widths expected in different nuclei such as Sn and Pb. Shape fluctuation calculations of the evolution of the GDR width with temperature predict differences between Sn and Pb due to shell effects. In Sn and nearby nuclides, where shell effects are small, the GDR width is expected to increase with temperature in a manner con-sistent with the properties of a rotating liquid drop. In Pb and nearby nuclides, the GDR width in the liquid drop regime, T >∼ 1.5 MeV, should behave similarly to the width in Sn, while at lower temperatures the increase of the GDR width with temperature should be suppressed relative to the liquid drop prediction, due to shell effects.
Fusion-evaporation and inelastic scattering reactions have been used to extract the GDR width in Sn and Pb at various temperatures [4] [5] [6] and spins [3] . The existing width data for Pb are in reasonable agreement with shape fluctuation calculations [1] [2] [3] . However, no data exists for temperatures below ∼ 1.2 MeV, where shell effects should be large. In Sn, data in the range T >∼ 1.9 MeV are in agreement with adiabatic thermal shape fluctuation calculations, while measured widths at lower T ∼ 1.3-1.8 MeV lie 1-2 MeV below the calculations [4] . These differences suggest a possibly significant deviation between theory and experiment.
In order to investigate these differences in the case of Sn decays, we have measured the GDR width at T = 1 MeV in the decay of the 120 Sn nucleus produced by the inelastic scattering of 17 O projectiles. This measurement is the lowest finite-temperature GDR width measurement in such heavy nuclei [3] .
In contrast to fusion-evaporation experiments that are limited to higher temperatures due to the Coulomb barrier in the entrance channel, inelastic scattering may be used to populate nuclei at low excitation energies (temperatures). Inelastic α-scattering has been used to measure the width of the GDR as a function of temperature; however, for such a light projectile, it is difficult to determine the initial excitation energy of the residual nucleus for large inelastic energy loss [7, 8] . This is due to the presence of knockout reactions and other processes which do not lead to full deposition and equilibration in the target of the energy loss of the scattered particle. The latter effect, which grows with increasing energy loss, should not be significant at low excitation energies. The contributions due to knockout reactions can also be reduced by heavy-ion scattering as compared to α-scattering [9] .
Our experiment was performed at the National Superconducting Cyclotron Laboratory (NSCL). A 7.45 mg/cm 2 target of 120 Sn was bombarded by 17 O particles at an energy of 80 MeV/u. The inelastically scattered 17 O and other reaction products were detected at scattering angles between 0 • and 10 • in the S800 spectrometer. The focal plane detectors [10] allowed for particle identification. In order to make an accurate determination of the projectile energy loss, the trajectory of the projectile was reconstructed using the code Cosy Infinity [11] .
High-energy γ rays from the GDR decay were detected with the ORNL -Texas A&M -MSU BaF 2 array in coincidence with the S800. The detectors were arranged in two close-packed arrays of 68 detectors each, placed at a distance of 31.8 cm from the target at angles of ±90 • with respect to the beam axis. Highenergy neutron-induced events were separated from γ -ray events by pulse-shape discrimination using the two components of scintillation light emitted by BaF 2 .
Final γ -ray selection was accomplished by using the excellent timing properties of BaF 2 [12] . In order to improve the response of the array, γ -ray events in neighboring detectors were added together.
In inelastic-scattering experiments, it is possible to measure the entire excitation function within one spectrometer setting by gating on different energy losses of the projectiles. This relies on the assumption that the lost energy is completely equilibrated as excitation energy in the target nucleus [5, 6] . The successive opening of neutron evaporation channels [9] , visible in the spectrum of inelastic scattered 17 O gated by γ rays (Fig. 1) , indicates a correlation between energy loss and excitation energy. The peaks can clearly be identified up to 35 MeV corresponding to the 4n channel. Additionally, in the study of inelastic α-scattering on 209 Bi [7] , the average initial excitation energy of the nucleus was found to be equal to the energy loss of the projectile for values up to 55 MeV. Thus, the energy loss can be equated directly with the excitation energy up to at least 35 MeV.
The high energy γ -ray spectrum gated on excitation energies between 20 and 30 MeV is shown in Fig. 2 . It exhibits the enhancement at E γ ∼ 14 MeV characteristic of the γ -decay of the GDR. The parameters of the GDR extracted were the GDR energy (E D ), width (Γ ), and strength (S). The parameters E D , Γ and S (in units of the TRK sum rule) were deduced by comparing the data to CASCADE statistical model calculations [13, 14] . In these calculations a mean excitation energy, following the γ -decay, was computed and converted to a temperature according [3, 4] , where ρ is the level density. The level density was parameterized with the method of Reisdorf [15] . The effective radius, pairing energy, and damping parameters in the level density calculation were set to 1.16 fm, 8.5 MeV, and 18.5 MeV, respectively. These values are within the uncertainties given in Ref. [15] .
The results of the statistical calculations were folded with the response of the detector arrays as simulated by GEANT [16] . A non-statistical bremsstrahlung component was also folded and added to the calculations. The bremsstrahlung component was assumed to have the form exp(−E γ /E 0 ), where E 0 was set to 25 MeV [17, 18] . This value is smaller than that given in Ref. [17] , because our collision is peripheral [18] . The folded CASCADE plus bremsstrahlung components were compared to the corresponding γ -ray spectrum by normalizing both components to the data.
The γ -ray spectrum shown in Fig. 2 was fit with CASCADE by varying the GDR parameters and minimizing χ 2 , resulting in E D = 16.5 ± 0.7 MeV, Γ = 4 ± 1 MeV and S = 1.1 ± 0.2. The results of the fit are shown by the solid line in Fig. 2 . For this case, the mean excitation energy following GDR decay with E γ = 15 MeV is 9.7 MeV, corresponding to a mean (final-state) temperature T = 1.0 MeV. The fitted width agrees with the ground-state GDR width of 4.9 ± 0.1 MeV [19] . The fitted resonance energy E D is somewhat higher than the ground state value of 15.5 MeV [19] ; however, a resonance energy higher than the ground state value was also measured at low excitation energies in Refs. [5, 6] .
Our low-temperature width (solid circle) is shown in Fig. 3 with other existing data points taken from Refs. [3, 4] . The value of the width at T = 0 MeV was set to the value of 3.8 MeV [20] , as done in Ref. [3] . The GDR ground-state width varies from 4.2-5.1 MeV [19] for Sn isotopes with masses of 116-120. This range of widths is indicated by the solid rectangle at T = 0 MeV in Fig. 3 . The temperature of all data points in Fig. 3 was determined using the Reisdorf level density formalism [3, 4] . There is a systematic uncertainty in the temperature of ∼ 0.1 MeV. The dashed curve shows the adiabatic thermal shape fluctuation width calculated by Ref. [3] at low spin. The dashed curve is generally consistent with the data at higher temperatures, but fails to describe the data at low temperatures, as noted earlier.
We also incorporated the energy-dependent width shown by the dashed curve into CASCADE, and calculated the expected γ -ray spectrum shape for the 20-30 MeV bin assuming E D = 16.5 MeV and S = 1.1 as determined from the constant-width fit. The result, shown as the dashed curve in Fig. 2 , does not describe the data well. The width of the calculated spectrum shape is clearly too large, distributing the strength over a larger energy range than the data.
The present experiment provides information on the GDR width at higher temperatures as well as at T = 1 MeV. Instead of extracting the width at higher temperatures by fitting the individual γ -spectra for different inelasticities, we calculated the expected γ -ray spectral shapes with CASCADE using the energy dependent width shown by the solid curve in Fig. 3 , and compared to the data. The uncertainty of the width given by the solid curve in Fig. 3 is ∼ 1 MeV, as indicated by the shaded region. The technique of using an energy-dependent width may be contrasted with most previous experimental analyses, which were performed assuming an energy-independent width during the de-excitation cascade. In addition, at inelasticities higher than 30 MeV, a distribution of initial excitation energies was estimated for a given inelasticity. The distributions used were similar to those estimated in Ref. [7] for inelastic α-scattering. The difference is that we omitted the low energy rise in the distributions of Ref. [7] (see insert of Fig. 5(a) ), which are due to knockout processes that are known to be much smaller for 17 O scattering [9] . The γ -spectra calculated with this procedure for energy loss gates of 30-40 MeV, 50-60 MeV and 80-90 MeV, and with E D = 16 MeV and S = 1 are shown as the solid curves in Fig. 4 along with our data. It should be mentioned that the GDR parameters were not free parameters in these calculations. The only free parameter was the overall normalization. The agreement between data and calculation provides an important consistency check with previous experimental work. A second dashed curve is also shown in each panel of Fig. 4 . This curve was calculated in the same manner as the solid curve in the figure, except that the width in the calculation was given by the dashed curve in Fig. 3 . The agreement between this calculation and data improves as higher energy losses are considered, as expected since the dashed curve in Fig. 3 approaches the data at higher temperatures.
In order to better understand the effect of the assumed initial excitation energy distribution, we computed the γ -ray spectrum shape for the 80-90 MeV bin by setting the initial excitation energy equal to the inelastic energy loss (see insert of Fig. 5(b) ). Here, as before, an energy-dependent Γ was assumed in the de-excitation cascade, as given by the solid curve in Fig. 3 . The result, computed with E D = 16 MeV and S = 0.36, is shown in Fig. 5(b) . Fig. 5(a) is identical to Fig. 4(c) . The calculations shown in Fig. 5(a), (b) describe the data equally well, and hence the choice of the initial excitation energy distribution influences the apparent GDR strength, but has only minor influences on the GDR width, at least up to the excitation energies of the present experiment. This is consistent with the findings of Ref. [7] . The contribution of lower initial excitation energy predominantly adds to the lower statistical part of the spectrum, and this effect can be simulated by a reduction of the apparent GDR strength in the calculation with a sharp initial excitation energy distribution.
The temperature dependence of the GDR width determined from experiment (solid line in Fig. 3 ) differs significantly at low temperatures from adiabatic thermal shape fluctuation calculations [3] (dashed line in Fig. 3 ), indicating that the calculations overestimate the influence of shape fluctuations at low temperature. A similar deviation between adiabatic thermal shape fluctuation calculations and data can also be observed in Cu [3] . The calculations determine the GDR width by averaging the GDR strength function over a thermal ensemble of shapes. The increase of the width with temperature is due to an increase in the shape fluctuations with temperature. For nuclei without a strong shell effect, such as Sn isotopes and nearby nuclides, the shape fluctuations are expected to be determined by the properties of a rotating liquid drop. This is consistent with Ref. [3] , who showed that the expected GDR width at low temperatures in Sn is the same in both liquid-drop and shell-corrected calculations. In contrast, the experimental width dependence at low temperature in Sn (and nearby nuclides) is similar to that expected for nuclei with strong shell effects such as 208 Pb and nearby nuclides (Fig. 4 of Ref. [3] ).
It can be speculated that pairing effects may account for the difference between theory and experiment at low temperatures, as both the shape fluctuation calculations and the CASCADE spectrum-shape calculations presented here neglect pairing. However, pairing effects should not be important at the present temperatures (see, e.g., [15] ). Deviations from the adiabatic approximation, which assumes that the time scale for shape fluctuations is long compared to the inverse frequency spread associated with the deformation broadening of the GDR, would result in a smaller GDR width; however, it seems peculiar that such deviations, if present, would be apparent only at low temperatures. Attempts to explain the observed GDR widths by mechanisms other than deformation broadening also do not agree with the data [6, 21] . We conclude that the narrow GDR widths observed in Sn and nearby nuclides at low temperature are not understood.
